In previous studies, mesenchymal stromal cells (MSCs) derived from bone marrow and fat tissues were shown to increase proliferation and matrix production of chondrocytes (CH) in co-culture. The aim of this study was to investigate the roles of pericytes (CD31 neg CD45 neg CD146 + CD34 neg and adventitial cells (CD31 neg CD45 neg CD146 neg CD34 + sub-populations of MSCs in supporting proliferation and matrix deposition of CH. The MSCs were derived from synovial membrane and attaching fat tissue. Then, the pericytes and adventitial cells were sorted from total MSCs and co-cultured with articular CH respectively. In pellet co-culture model, the pericytes showed more prominent effects on glycosaminoglycans (GAGs) production and Collagen II synthesis than the adventitial cells which had stronger effects on promoting CH proliferation. In addition, quantitative polymerase chain reaction (qPCR) was performed to examine the expression of a group of secreted growth factors and co-culture performed on electrospun scaffolds based on Poly(3-hydroxybutyrateco-4-hydroxybutyrate) (P3HB4HB), to verify the trophic effects of different MSC sub-populations in 3-Dimensional (3D) environment. In conclusion, it was found that the pericytes and adventitial cells support CH in different ways; the adventitial cells more supporting the proliferation of CH, while pericytes are better in stimulating GAGs and collagen production of CH.
In previous studies, mesenchymal stromal cells (MSCs) derived from bone marrow and fat tissues were shown to increase proliferation and matrix production of chondrocytes (CH) in co-culture. The aim of this study was to investigate the roles of pericytes (CD31 neg CD45 neg CD146 + CD34 neg and adventitial cells (CD31 neg CD45 neg CD146 neg CD34 + sub-populations of MSCs in supporting proliferation and matrix deposition of CH. The MSCs were derived from synovial membrane and attaching fat tissue. Then, the pericytes and adventitial cells were sorted from total MSCs and co-cultured with articular CH respectively. In pellet co-culture model, the pericytes showed more prominent effects on glycosaminoglycans (GAGs) production and Collagen II synthesis than the adventitial cells which had stronger effects on promoting CH proliferation. In addition, quantitative polymerase chain reaction (qPCR) was performed to examine the expression of a group of secreted growth factors and co-culture performed on electrospun scaffolds based on Poly(3-hydroxybutyrateco-4-hydroxybutyrate) (P3HB4HB), to verify the trophic effects of different MSC sub-populations in 3-Dimensional (3D) environment. In conclusion, it was found that the pericytes and adventitial cells support CH in different ways; the adventitial cells more supporting the proliferation of CH, while pericytes are better in stimulating GAGs and collagen production of CH.
INTRODUCTION
Cartilage defects due to trauma, surgical operation or agerelated abrasion bring about constant pain and disability of joints and cause serious medical and social problems. Currently, clinicians and scientists have limited treatment methods for articular cartilage defects, due to insufficient self-regeneration of cartilage tissue after injury. 1 One of the major reasons is the none-vascularized nature of the cartilage tissues, as cells, inflammatory factors and other components for the repairing machinery cannot be brought to the site of injury by blood vessels. In small defects, damaged tissue can only be replaced by chondrocytes (CH) which have limited proliferating capacity. 2 3 For the defect which is deep enough to bring up blood and bone marrow from subchondral bone tissue, 4 the injury site is usually filled with fibrous cartilage. Compared to hyaline cartilage, the fibrous cartilage is inferior in biomechanical properties, 5 and new treatments with improved efficacy for cartilage defects are still pursued by researchers.
In recent years, progresses in stem cell biology have shed light on the cartilage regeneration using stem cells. 6 Mesenchymal stem cells (MSCs), isolated from the bone marrow, adipose tissue and synovial tissue, makes repairing of cartilage tissue with autologous adult stem cells more beneficial. [7] [8] [9] [10] More recent studies have shown a trophic role of MSCs in tissue repairing, 11 especially for cartilage regeneration, where the MSCs enhance cartilage matrix formation by supporting the proliferation and matrix deposition of CH, instead of actively undergoing chondrogenic differentiation. [12] [13] [14] Despite the advantages of using the MSCs for cartilage regeneration, there are some clear barriers that should be overcome for their successful clinical application. 15 For instance, the MSCs are defined by their adherence to cell culture plates and ex vivo expansion. 16 This isolation strategy results in another problem for the MSCs, i.e, the high heterogeneity. Resulting from whole bone marrow culture or total stromal vascular fraction (SVF) culture from adipose tissues, different preparations of MSCs may have significantly great differences in cell type compositions. To address the issue of heterogeneity from the MSCs, several sub-populations of MSCs have been purified by fluorescence-activated cell sorting (FACS) from the fat tissue. [17] [18] [19] Among these, two populations of perivascular stem cells associated with blood vessels have been paid special attention. 20 One group involves the pericytes (CD31 neg CD45 neg CD146 + CD34 neg surrounding the micro vessels and capillaries, and another group involves the adventitial cells (CD31 neg CD45 neg CD146 neg CD34 + associated with larger blood vessels. Both the cell types can be isolated from the adipose tissue and represent many features of the MSCs, including morphology, growth, surface markers, clonogenicity and multilineage differentiation potentials.
The poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB) is a natural amorphous polymer which belongs to the bacterial biopolyesterpolyhydroxyalkanoate (PHA) family. 21 Due to its remarkable mechanical properties, biocompatibility, and biodegradability, the P3HB4HB has become a popular scaffold for tissue engineering. 22 Unlike the homopolymer poly-3-hydroxybutyrate which has disadvantages of brittleness and short processing time, 23 the P3HB4HB shows extension to break from 45% to 100%, which is in accordance with 3∼8 mol% 4-hydroxybutyrate. 24 Furthermore, its physicochemical characteristics, such as hydrophilicity, surface free energy and polarity, were valued as important surface properties for long-term drug release carriers and biodegradable scaffolds for tissue engineering. 25 Previous studies have also shown that the P3HB4HB can be used as scaffolds for tissue engineering constructs of cardiovascular tissue, 26 neuronal tissue, 27 as well as cartilage tissue. 28 In this study, we isolated the pericytes and adventitial cells from the synovial fat tissue as representatives of the MSCs sub-populations. After pellet co-culturing them with human primary CH, we observed that the different sub-populations support the CH in different mechanisms. These mechanisms were verified on electrospun scaffolds based on the P3HB4HB.
MATERIALS AND METHODS

Isolation of Primary CH and SVF
The use of human knee biopsies was approved by a local Medical Ethics Committee. Human primary CH was obtained from full-thickness dissected keen biopsies. The samples were offered by the National Disease Research Interchange, using procedures published previously. 12 The hMSCs were acquired from the human Synovial fat tissue. The tissue was minced and digested with 1 mg/mL of Collagenase II (Worthington) and 1 mg/mL of dispase (Sigma) in DMEM/F12 containing 10% fetal bovine serum (FBS, Sigma) at 37 C for more than 16 hours. The remaining tissue was filtered off and pellets re-suspended in phosphate buffered saline (PBS) and cultured in DMEM/F12 containing 10% FBS.
Sorting of Two Sub-Populations of MSCs from Synovial Fat Tissue
Two sub-populations of cells from the digested synovial fat tissue were sorted by FACS. Briefly, single cell suspensions were incubated with a mixture of antibodies including: allophycocyanin (APC) conjugated anti-CD31 and anti-CD45 antibodies, PE conjugated anti-CD34, and PECy7 conjugated anti-CD146 antibodies (BD Bioscienes, San Diego, CA). Incubations were performed at 37 C for 15 min in the dark. For sorting, 4 ,6-diamidino-2-phenylindole (DAPI, Invitrogen, 1:1000) was added to exclude dead cells. Then the CD31 and CD45 were used to deplete hematopoietic cells and endothelial cells. The pericytes (CD31 neg CD45 neg CD34 neg CD146 + and adventitial cells (CD31 neg CD45 neg CD34 + CD146 neg were sorted accordingly. The sorted cells were plated at a density of 20,000 cells per square centimeter in 0.2% gelatin-coated plate and cultured at 37 C in DMEM/F12 containing 20% FBS and 1% penicillin/streptomycin.
Co-Culture of MSCs and CH
Pellet co-culture system was used for culturing of MSCs and CH. The CHs and MSCs were mixed at the ratio of 50/50, and the CHs only were used as control. Upon mixing, a total of 1 × 10 5 cells per pellet were centrifuged in a round-bottom 96-wells plate for 5 min at 500 × g. The cell pellets were maintained in the chondrogenic differentiation medium (DMEM supplemented with 40 mg/mL of proline, 50 mg/mL ITS-premix, 50 mg/mL of Ascorbic Acid, 10 ng/mL of transforming growth factor-b, 100 U penicillin/mL, and 100 mg/mL streptomycin) at 37 C in 5% CO 2 . The medium was refreshed three times a week. All the reagents used were purchased from Invitrogen unless otherwise stated. Common chemicals were purchased from Sigma-Aldrich.
Multilineage Differentiation
For adipogenic differentiation, Adventitial Cells (ADV) and Perictyes (PER) were seeded at density of 12,000 cells/cm 2 and cultured in the adipogenic medium for 2 weeks. Fat droplets were stained by Oil Red O staining. For osteogenic differentiation, cells were seeded at density of 12,000 cells/cm 2 and cultured in osteogenic medium ( -MEM supplemented with 10% FBS, 0.2 mM AsAP, 10 −7 M of dexamethasone, 5 mM of -GP ( -glycerophosphate), 100 U penicillin/mL and 100 g/mL streptomycin) for 3 weeks. Mineralized nodules were visualized by Alizarine Red staining. For chondrogenic differentiation, 200,000 of cells were seeded per well in 96-well plate with round bottom. The cell pellets were made by centrifuge at 500 g for 3 min, and then the pellets were cultured in chondrogenic differentiation medium (DMEM supplemented with 40 g/mL of proline, 50 g/mL ITS-premix, 50 g/mL of AsAP, 100 g/mL of Sodium Pyruvate, 10 ng/mL of TGF 3, 10 −7 M of dexamethasone, 500 ng/mL of BMP6, 100 U penicillin/mL and 100 g/mL streptomycin) for 3 weeks. The pellets were applied to histological examination as described in following section.
Labeling of CH with Fluorescent Dye PKH-67
For tracking of CH in the pellet co-culture, fluorescent dye PKH-67 (Sigma-Aldrich, St. Luis, MO) was used before mixing the CH with MSCs. One million of the CH were resuspended in PBS and then labeling was performed according to manufacturer's instructions.
BrdU Assay
At day 2 of co-culture, in either pellet or transwell, the pellets ore hPCs in transwell were incubated with BrdU (BD Biosciences) at 10 M for 24 h. After incubation, single cell suspention was obtained by trypsinization. Staining of incorporated BrdU was performed using a BrdU Flow Kit (BD Bioscience). After digestion, the cell pellets were broken into single cell suspension, and then the cells were stained with FITCconjugated anti-BrdU antibodies according to manufacturer's instructions. 7-Amino-actinomycin D (20 g/mL) was added into the cell suspension before flow cytometric analysis. RNA Isolation, cDNA Synthesis and Quantitative Polymerase Chain Reaction (qPCR) After 10 days of co-culture, total RNA was isolated from the pellet culture using the RNeasy Mini Kit (Qiagen). One microgram of total RNA was reverse-transcribed into cDNA using the iScript cDNA Synthesis kit (Bio-Rad). The primers for qPCR are listed in Table I . qPCR was performed on cDNA samples by using the Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific, Rockford, IL). qPCRs were carried out on the ViiA ™ 7 qPCR System (Life Technologies, Grand Island, NY).
Histology
After 21 days of co-culture, the cell pellets were fixed with 10% formalin for 15 min and embedded in paraffin using routine procedures. Sections of 5 m were cut and stained for sulfated glycosaminoglycans (GAGs) with alcian blue combined with counterstaining of nuclear fast red to observe the nuclei.
Quantitative GAGs and DNA Assay After 21 days of co-culture, cell pellets (n = 6) were washed with phosphate-buffered saline and frozen overnight at −80 C. Subsequently, they were digested and measured for GAGs quantification as previously reported. Relative cell number was determined by quantification of total DNA using a CyQuant DNA Kit, according to the manufacturer's instructions.
Co-Culture of CH and ADV or PER on Electrospuned Scaffold
An electrospun scaffold of the P3HB4HB was produced using previously published methods. 28 Then the CH monoculture (CH only), CH and ADV (CH + ADV), and CH and PER (CH + PER) were seeded on 6 mm diameter scaffolds with medium containing DMEM plus 10% FBS. For co-cultures, the ratio between the CH and MSCs (ADV or PER) was 1:1. The cell suspensions (250 L, ∼8 × 10 4 /mL) were dropped onto the surface of the 3-Dimensional (3D) P3HB4HB scaffolds in a 96-well plate to allow the cells to attach to and infiltrate the porous scaffold. The cell-seeded scaffolds were then cultured for 3 weeks till examination.
Scanning Electronic Microscopic (SEM) Examination of P3HB4HB Scaffolds With or Without Cells
Scaffold samples were fixed overnight with 5% glutaraldehyde in 1 × PBS, pH = 7.4, dehydrated using graduated concentrations of ethanol (increasing percentages of 30%, 50%, 70%, 90%, 95% and 100%) and lyophilized (FD-1, Bioking Technology Company, Beijing, China). The samples were then mounted on aluminium stubs, sputtercoated with gold for 1.5 min at 15 mA and examined by SEM (HITACHI S-4800, Tokyo, Japan) equipped with energy dispersive X-ray spectrometer (Alpha Ray Spectrometer, Oxford, UK) at an accelerating voltage of 20 kV.
Statistical Analysis Three donors were tested for all experiments. Each experiment was performed at least three times. Statistical analysis was performed using one way ANOVA (Analysis of variance), followed by tukey test when more than two groups were compared, or Student's t-test when comparing two groups. P -values of <0.05 were considered to be significant.
RESULTS AND DISCUSSION
Isolation of Two Perivascular Populations from Human ACL: Pericytes and Adventitial Cells
Based on previous studies, the pericytes and adventitial cells are the two most recognized populations of MSCs isolated from human fat tissues. 17 18 It was reported previously that the MSCs like cells can be isolated from human synovial membrane and the surrounding fat tissues. [29] [30] [31] We therefore in this study purified two sub-populations of MSCs from the synovial fat tissue: Pericytes and adventitial cells. Immunohistochemistry was performed to examine the expressions of CD34 and CD146 in situ (Fig. 1(A) ). The pericytes, which are surrounding microvessels and capillaries, were sorted based on a combination of markers: CD31 neg CD45 neg CD34 neg CD146 + ; adventitial cells, associated with the outermost connective tissue covering larger blood vessels were sorted based on the following formula: CD31 neg CD45 neg CD34 + CD146- (Fig. 1(B) ). Multilineage potentials of the two populations were tested ( Fig. 1(C) ). Both the pericytes and adventitial cells isolated from the synovial fat tissues were able to differentiate into three mesenchymal lineages: adipogenesis, osteogenesis and chondrogenesis. Results from the GAGs quantification performed on the pellets of the two sub-populations indicated that the pericytes and adventitial cells had no major difference in making the GAGs in an in vitro culture system (Fig. 1(D) ).
Pericytes Better Support Cartilage Matrix Formation of CH Than Adventitial Cells in Pellet Co-Cultures
To compare the trophic effects of the two populations of MSCs, we co-cultured the pericytes and adventitial cells with CH in pellets, respectively. Histological examination showed that the pellets in all groups accumulated significant amount of cartilaginous matrix (Fig. 2(A) ). As indicated by alcian blue, the staining appeared more intense in the CH + PER co-cultured pellets than the other sample groups. The GAGs quantification confirmed that the CH + PER co-cultured pellets deposited more GAGs than the CH only pellets and CH + ADV (Fig. 2(C) ). The staining in the pericytes co-cultured sample showed more staining of collagen type II (COL II) than the other groups (Fig. 2(A) ). Quantification of COL II staining indicated that the CH + PER group deposited more COL II than the other groups (Fig. 2(B) ). Expressions of chondrogenic genes at week 3 of co-culture were examined by qPCR (Fig. 2(D) ). Remarkably, expressions of COL II at mRNA level were higher in the CH+PER group than the CH only group and CH + ADV group.
Adventitial Cells Better Support Proliferation of CH Than Pericytes in Pellet Co-Cultures
The BrdU assays were performed to investigate the proliferation of cells in the co-culture pellets. The quantification of BrdU positive cells indicated that the CH co-cultured with adventitial cells was proliferating more than the CH which was co-cultured with pericytes (Fig. 3) .
In the previous study, it was suggested that the beneficial effects of co-cultures of CH and MSCs in cartilage matrix formation are largely due to the differentiation of MSCs into CH. 6 14 In this study, we speculated that the beneficial effects of the pellet co-culture are largely due to stimulation of proliferation and matrix formation of CH induced by trophic effect of two sub-populations of MSCs, which are pericytes and adventitial cells. It has been reported that the MSCs secrete a broad range of growth factors and cytokines, including fibroblast growth factor 1(FGF1), which enhance cell viability and proliferation in vitro and restore functions of damaged tissues in vivo. 32 However, other reports also demonstrated cellcell contact is playing a role in improvement of cartilage formation in co-cultures. 33 34 It is therefore likely that, in addition to the trophic effects of MSCs mediated by secreted factors, enhanced cartilage formation in co-culture with CH is due to additional stimuli, such as direct cellcell contact or other secreted factors. [35] [36] [37] We in this study used the pellets co-culture instead of transwell system to study the interaction between the MSCs and CH, to avoid eliminating the cell-cell contact between the two cells types.
Pericytes Better Support Matrix Deposition of CH Than Adventitial Cells on Scaffold
Mixtures of CH + ADV or CH + PER were seeded onto the P3HB4HB scaffolds to test the trophic effects of the MSCs in a 3D culture environment. The morphologies of the cells on the scaffold surfaces were obtained by SEM analysis at 7 days after seeding (Fig. 4(A) ). The Alcian blue staining was performed at week 3 to examine deposition of GAGs on scaffolds (Fig. 4(B) ). The coculture of CH + PER seems to have stronger staining than other groups, and this was confirmed by the GAGs quantification (Fig. 4(C) ). Results from the qPCR indicated that the CH + PER group expressed more Col2a1 and Col9a1 than the CH + ADV group (Fig. 4(D) ).
Crystallinity and elasticity of the P3HB4HB can be adjusted by changing the mol (%) of the 4HB monomer, thus a wide range of physical properties can be achieved by P3HB4HB. 21 Crystallization plays an important role in determining hydrophilicity, surface free energy, and polarity, in this way affecting cell attachment and proliferation. 38 Based on the in vitro studies, 45% crystallization was shown to be the best condition for supporting the growth of mammalian cells, corresponding to 7% 4HB in the P3HB4HB. 39 In addition, material surface morphology also affects cell viability and growth behaviors. 27 The mammalian cells grew well on all the P3HB4HB scaffolds and the best cell proliferation occurred on the P (3HB-7% 4HB) films and scaffolds. 40 As for the MSCs and CH, we in this study found that the electrospun 3D P3HB4HB scaffolds are very suitable for cell attachment and infiltration. The cells grew on the surface as well as inside the scaffolds. Hydrophilic nature of the scaffolds is an important factor for the maintenance of cartilaginous matrix produced by the chondroyctes.
CONCLUSIONS
We in this study investigated the roles of different sub-populations of MSCs in supporting proliferation and matrix deposition of CH. 41 They were then co-cultured with articular CH respectively in pellets or on electrospun scaffolds. The pericytes influenced CH regeneration by enhancing the increase of GAGs production and Collagen II synthesis more obviously than the adventitial cells, as indicated by histology and quantification of total GAGs deposition. On the other hand, the adventitial cells had stronger effects/influence in promoting the CH proliferation as demonstrated by the flow cytometric analysis of the BrdU positive cells.
